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Lymphoid Expression and TATAA Binding of a Human Protein Containing an Antennapedia Homeodomain
By Leslie J. Baier, Mark C. Hannibal, Edward W. Hanley, and Gary J. Nabel
In an effort t o identify human proteins that bind t o the TATAA box, a Agt-11 expression library was screened with a radiolabeled DNA probe containing 12 copies of the TATAA sequence. A cDNA encoding a specific TATAA binding protein was isolated and found to contain a homeobox domain identical at 59 of 60 residues t o the Drosophila Antennapedia (Antp) homeodomain, as well as another conserved motif found in homeotic genes, the homeo-specific pentapeptide. Although this and other Antp-like homeobox proteins have been described previously in neuronal cells and fibroblasts, we report the expression of this gene in lymphoid cells. This cDNA, isolated from a B-cell library, hybridizes to a 1.6-kb messenger RNA in several T-and B-cell lines, and the expected protein was identified in Jurkat T-lymphoid cells by Western blot analysis. The DNA binding specificity of this human Antp clone was analyzed using single-base mutations
HE EMBRYONIC development of Drosophila melano-
T gaster is controlled by a hierarchy of interacting genes.'-3 Sequence analysis of these developmental regulatory genes led to the discovery of the homeobox, a highly conserved 180-bp sequence of DNA.4-6 Homeobox proteins localize to the nucleus and appear to control development, in part, by acting as sequence-specific transcription fact o r~. " '~ Several homeobox proteins can function in vitro as activators or repressors of In vitro binding studies with homeobox gene promoter regions have identified several homeobox binding site sequences. Many of these sequences are notably rich in thymidine (T) and adenine (A) nucleotides. Several classes of homeobox proteins can bind to the class I Antennapedia (Antp)-like consensus sequence TCAATTAAAT identified in the engrailed
The Antp protein also binds a TA-rich sequence in the heterologous Ubx promoter,18 as well as synthetic TAA repeated element^,''^'^ The homeodomain of the Antp protein binds to these DNA sequences by forming a helix-turn-helix DNA binding One notable TA-rich DNA sequence is the TATAA box of class I1 promoters that is recognized by the mammalian sequence-specific transcription factor TFIID."." This sequence is also recognized by a factor isolated from yeast Saccharomyces cerevisiae. 25, 26 The mammalian and yeast proteins, in isolation from other factors, demonstrate low affinity but high specificity for TATAA box sequences. The yeast and mammalian TFIID proteins are functionally interchangable in forming a complex capable of initiating transcription. Yeast TFIID has recently been c l~n e d~~*~' and used to isolate a human TFIID clone that shares a common c-terminal region but has a unique amino terminal acidic region that may interact with other transactivat~rs.~~ Yeast and human TFIID do not contain a homeobox region, nor any sequence motif characteristic of a DNA binding protein.
Homeoboxes are not unique to Drosophila; the 180-bp sequence has been highly conserved in a wide variety of eukaryotes, from yeast to
The mouse Hox 1.1 homeodomain, the human HOX 2C homeodomain, and the of the TATAA sequence. The first thymidine, as well as the last three bases (TAA), were important for homeobox binding. Finally, the function of the highly conserved homeospecific pentapeptide protein region was investigated in both the human and Drosophila Antp proteins. The homeospecific pentapeptide region was not required for DNA binding, and Drosophila Antp proteins mutated in the pentapeptide region were able t o transactivate the Ubx promoter in Schneider L2 cells, in contrast t o a homeodomain mutation, suggesting an alternative function for the homeospecific pentapeptide in homeotic genes. Because the human Antp TATAA binding protein is expressed in both lymphoid and non-lymphoid cells, we suggest that this homeobox gene has evolved a more general transcriptional regulatory function in higher eukaryotic cells. 0 1991 by The American Society of Hematology.
frog MM3 homeodomain, for example, each differ by a single amino acid from the Drosophila Antp h~meodomain.~' A distantly related group, the POU proteins (Pit-1, Oct-1, Oct-2, and unc-86), contains a 60 amino acid homeodomain with common sequence similarities that distinguish them from other classes of homeob~xes.~' In addition to the homeodomain, POU proteins share a second region of sequence homology spanning about 75 amino acids N-terminal to the homeodomain, the POU-specific ~equence.~' Deletion analysis of this second conserved region demonstrates that it too participates in DNA Therefore, in the POU class of homeobox proteins, two highly conserved regions contribute to DNA binding.
Drosophila homeotic genes, and many vertebrate homeobox genes, also share a region of homology outside of the homeobox. This second region of homology contains a discrete motif, the homeo-specific "pentapeptide," which contains the highly conserved core sequence YPWM.'L' 35.36 This core sequence, usually positioned 5 to 10 amino acids amino-terminal to the homeodomain, is often preceded by an isoleucine (or leucine) and followed by an arginine and/or lysine (Table 1) . Although homeoboxes have been identified in homeotic genes, which control segment identity, they are also found in segmentation genes, such asfushi tarazu (ftz), which regulate segment number in a developing 
The highly conserved pentapeptide is underlined in solid with regions of lesser sequence similarity indicated by dashed lines. The designated sequences are named following the standardized human and mouse nomenc1ature.J' with plasmid names in parentheses, and have been described elsewhere asfollows: HHO.cl.95, HH0,ck; H H 0~1 3 ,~ Hox 2.1.5' HHO 3.1.5' Hox 6.1,52.53 X h o~-l A ,~A n r p ,~~~~~~~~~ Dfd.5"" and U~X .~"~ *Alternative splicing of the Ubx transcripts may change this number from 1 to 44 amino acids.
embryo. In contrast, the second highly conserved region, the homeo-specific pentapeptide, is found only in homeotic genes ofDrosophiZu and may thus contribute to the determination of segment identity.
The sequence homology among homeoboxes has provided a means to identify new homeobox-containing genes. sequence probes. In this report, the cDNA encoding a protein that bound specifically to the TATAA sequence was found to encode a human An@ homeobox. We have characterized expression vector, has an average cDNA insert size of 800 bp. The library was screened with the 12-copy double end-labeled TATAAT 
MATERIALS AND METHODS
The electrophoretic mobility shift assay was performed as previously described?' Briefly, a 4% polyacrylamide, 2% bisacrylamide gel was buffered with 0.05 mol/L Tris, 0.4 moVL glycine, 0.0025 mol/L EDTA. Approximately 10 pg of nuclear protein extract was incubated with 10,OOO cpm (lo8 cpm/kg) of the relevant 32P double-stranded DNA fragment, in a binding reaction buffer containing 50 mmol/L NaCl and 0 to 3 mmol/L MgCI,. In general, no major differences in binding were observed in the presence or absence of MgCl,. The non-specific DNA competitors dIdC and dAT, were added at concentrations of 0.5 pg/15 p L reaction. Probes contained one copy (AGCT-TATAATCGA), three copies (GATCTATAATGCATATAATG-CATATAATG), or 12 copies (three copies x 4) of a TATAA sequence. Mutant probes were identical to the three-copy sequence except for indicated nucleotide changes. Control competitors contained one copy (ACCTATGTAAAACATTCG), three copies (GATCCTATGTAAAACATTCGCTATGTAAAACAT-TGCCTATGTAAAACATTA), or 12 copies (three copies x 4) of an octamer site in the interleukin-2 (IL-2) promoter.
A randomly primed BJAB expression lib r a g was provided by Dr Louis Staudt (National Institutes of Health, Bethesda, MD). The library, synthesized in the Agt-11
Elecfrophoretic mobility shfff assay.
Library screening.
approximately 3 kg of recombinant human Antp protein from an induced lysogen extract was cut from a sodium dodecyl sulfate (SDS) polyacrylamide gel, emulsified in complete Freund's adjuvant, and injected into a female rabbit. Two successive boosts, using 3 Fg protein in incomplete Freund's, were injected in 3-week intervals. Human Antp antibodies were detected in the antiserum by Western blot after the second boost using a 1,000-fold dilution.
Cells from 1.0-mL aliquots of induced lysogen cultures were rapidly pelleted (13,ooOg; 1 minute) and resuspended in 1Do p L of a solubilization buffer (0.01 m o m sodium phosphate, pH 7.2; 1% p-mercaptoethanol (@-ME); 1% SDS; 6 mol/L urea; 2 mmoVL phenylmethylsulfonyl fluoride). Samples were boiled briefly and immediately loaded onto an 8% polyacrylamide SDS gel. The separated proteins were electroblotted onto nitrocellulose (50 mA for 16 hours at 4"C, with transfer buffer: 16 mmol/L Tris base; 120 mmolb glycine). The proteins were denatured and renatured by the procedure of Celenza and Carlson4" with modification of denaturing buffer (6 mol/L urea; 50 mmol/L Tris, pH 8.3; 50 mmol/L dithiothreitol (DTT); 2 mmol/L E D T A 0.25% low-fat dry milk) and probe incubation buffer (50 mmom NaCI; 10 mmoVLTris, pH 7.5; 1 mmol/L EDTA, 1 mmol/L Native and mutant homeobox DNAs were inserted into the pUR291 expression vector that uses the lac2 promoter and produces a full-length p-galactosidase enzyme fused to the cDNA i n~e r t .~' Plasmids were transformed into the XL-blue strain of Escherichia coli and grown in L-Broth to an OD, of 0.3. Cells were induced for 1 hour with 5
Southwestern blot analysis.
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Expression and analysis of mutant proteins.
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mmol/L isopropylthio-B-galactoside (IPTG).
Five-hundred microliter aliquots were pelleted. resuspended in SO pL of solubilization buffer (see above). and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), Western blot, and Southwestern blot procedures. Site-directed mutants were generated as previously described'? using the following oligonucleotides: (1) WMR -.
medomain (AHD). G A C G G~G ACATGATGAGATITGGT-
Mutations were confirmed by DNA sequencing.
Drosopltiln Schneider Line 2 cells (SL2)"were grown in M3 media (Quality Biological. Gaithersburg, MD), supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT), SO UlmL penicillin, and SO pg/mL streptomycin, and were maintained at room temperature in air. The Anrp expression plasmids, pP,,Antp and pPJsS8, and the reporter plasmid pP,,CAT were kindly provided by G. Winslow and M. Scott .'" pPJsS8 contains a Sal I linker inserted in frame at the Asp718 I site of the homeobox that eliminated Anrp function (G.
Winslow, personal communication). The pentapeptide mutants were created by site-directed mutagenesis" and confirmed by DNA sequencing. The following oligonucleotides were used to generate these mutations: (1) 
RESULTS
A nuclear protein binds specifically to a TA TAA box probe.
The electrophoretic mobility shift assay (EMSA) was used to detect nuclear protein(s) in lymphoid cells that bind specifically to the TATAA sequence. Because a single copy of this sequence did not provide detectable protein binding (Fig 1, lanes 1 through 5) . the TATAA sequence was multimerized, and probes containing three or 12 repeated sites were analyzed (Fig 1) . A specific complex was observed in gels using the three-copy and 12-copy probes (Fig  1, lanes 6 and 11) . These complexes migrated slightly differently from one another, but both demonstrated specificity, showing specific competition using an excess of unlabeled probe containing the same number of TATAA boxes or those containing a greater number of repeats than found in the probe (Fig 1, lanes 8,9, and 14) . IL-2 enhancer Octamer sequences, used as a nonspecific competitor of equal AT content as the probe, showed no competition (Fig  1, lanes 10 and 15) . A mutant TATAA sequence (TAGCA), a KB site from the IL-2 receptor-a gene enhancer: or an AT-rich region of the granulocyte-macrophage colonystimulating factor (GM-CSF) 3"Itranslated region did not compete for protein binding to the TATAA probe, and similar binding activities were found in nuclear extracts from both T-and B-lymphoid lines (data not shown).
Isolation of a cDNA clone encoding a TATAA binding protein. To identify a cDNA encoding a TATAA binding protein, a human B cell (BJAB) hgt-11 expression library was screened with a radiolabeled double-stranded TATAA probe containing 12 repeated sites. Among -1 x lo" recombinant clones screened, one clone demonstrated specific binding to the TATAA probe (Fig 2A and B) . This clone bound to the 12copy TATAA probe, but not to an Analyrlr of TATAA binding proteins using the EMSA. Binding rite specificity and competition studies were performed using radlolsboled prober containing one copy (Ianar 1 through 5). three copier (lanes 6 through lo), or 12 copies (ianes 11 through 15) of the TATAA sequence. Nuclear extracts (10 octamer probe of similar size and AT composition (Fig 2B) , in contrast to 10 other clones which bound to DNA nonspecifically (Fig 2C) . These nonspecific clones may correspond to the nonspecific DNA binding proteins observed in the EMSA (Fig 1) . Sequence analysis of the 836-bp insert from the specific binding clone identified an open reading frame with a high degree of similarity to the class I Anfp homeobox, and the protein was found to share 59 of 60 amino acid residues with theAnrp homeodomain of Drosophila melunogaster (Fig 3) . The predicted protein sequence was identical to a previously published human clone HOX 2C (HHOC1.95),"" isolated by cross-hybridization with Drosophila Anrp, but lacked the 96 amino acids at the N-terminus. The presence of the complete coding sequence in Jurkat and BJAB messenger RNA (mRNA) was confirmed using the polymerase chain reaction (PCR) with primers spanning the cDNA coding sequence (data not shown). This gene is the human homologue of the murine Hox 2.3 gene, and its homeodomain is highly homologous to the Xenopus MM-3 homeodomain (59 of 61 amino acids)."
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Expression of a human Antpgene in lymphoid and other cell ypes. The insert from the cDNA encoding this TATAA binding protein was radiolabeled and used to analyze expression in a variety of lymphoid cclls. When polyA+ RNA from Jurkat cells was examined by Northern blot analysis, an mRNA of -1.6 kb was observed in both uninduced and phorbol ester stimulated Jurkat cells ( Fig  4A, lanes 1 and 2) . with a detectable increase in steadystate mRNA levels in activated Jurkat cells. The presence of the protein product was confirmed in these cells by Western blot. A 29-Kd protein, corresponding to the predicted size of the full-length human Antp homeobox protein was detected in Jurkat or HeLa cervical carcinoma cells, using a postimmune serum (polyclonal antibody) to the f3-galactosidaselAntp fusion protein (Fig 4B, lanes 2 and  4) . Additional T-or B-lymphoid cell lines were analyzed by Northern blot or PCR, and the presence of this gene product was confirmcd in a varicty of lymphoid lines (summarized in Fig 4C) . Taken together, these results suggest that the human Anrp protein is expressed in a wide variety of cell types, including T and B cells of different stages of differentiation, HeLa cells (Fig 4) , fibroblasts, and neuronal cells." This study suggests a role for this gene product in the regulation of a common transcriptional event rather than in the determination of lineage-specific gene expression.
Binding specijiciy of the human Anfp prorein. Although the human Antp protein demonstrated high specificity for TATAA sequences, its affinity was low because the bacterially expressed fusion protein could not be detected either when affinity-purified protein or lysogen extracts were used in the EMSA or by DNase footprinting (data not shown). Its binding specificity was therefore defined further using nitrocellulosc-bound recombinant protein. 1 and 3) . The pattern of expression of the human Anrp gene product in several lymphoid cell lines is summarized in IC), determined by PCR or by Northem blot analysis using 30 pg of total RNA and a radiolabeled oligonucleotide complementary to the 5' unique reglon of this gene. Antp bacteriophage were transferred to a nitrocellulose filter that was sectioned into five pa-and probed with the Indicated three-copy radiolabeled double-stranded oligonucleotldes (A). After separation by SDS-PAGE, a lysogen extract derived from this phage was also tested by a Southwestern blot assay for its ability to bind to the indicated sites (E) using similar probes. Arrows indicate specific complexes that bound to TATAA or weakly to GATAAT. Extracts from uninduced I-) or IPTG-induced ( + ) lysogens were analyzed.
use only. To scrvc as a ncgativc control for DNA binding, the DNA recognition hclix of the homcodomain was also altcred. Thrcc diffcrcnt homco-specific pcntapcptidc mutations and onc homeobox mutation wcrc made by sitc-dircctcd mutagcncsis and confirmed by DNA scqucncing (Table 2 ). Thcsc mutant protcins and the native human Antp protcin wcrc exprcsscd as @-galactosidase fusion proteins using an induciblc lacZ promotcr in the pUR291 plasmid." Extracts prepared from E coli containing thcsc plasmids wcrc cxamincd following SDS-PAGE by Southwcstcrn blot analysis. Thc clectrophorctically scparatcd protcins transfcrrcd onto nitroccllulosc wcrc dcnaturcd in 6 mol/L urca, renatured, and assaycd for thcir ability to 1 and 2) . the indicated mutants in the homeo-specific pentapeptide (lanes 3, 4, and 7 through 10) or homeobox mutant (lanes 5 and 6). Proteins were analyzed by Southwestern blots for their ability t o bind a three-copy TATAA probe (A). The amount of fusion protein available for binding t o the DNA probe was determined by West- use only.
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For personal at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From bind to a radiolabelled three-copy TATAA sequence. Mutation of the conserved YMR sequence to a CLG sequence had no effect on the ability of the human homeobox protein to bind DNA (Fig 6A, lane 4) . Similarly, mutation of the conserved IY to SG had no effect on DNA binding (Fig 6A, lane 10) . Although mutation of the proline to glycine decreased the ability of the homeobox protein to bind DNA, its effect was not complete, in contrast to the mutation of the recognition (third) helix of the homeodomain, which completely abolished binding to the TATAA sequence (Fig 6A, lanes 6 v 8) . These mutations did not reduce the synthesis of these fusion proteins, because comparable amounts of fusion protein were detected by Western blot using anti-P-galactosidase antibodies on all five samples (Fig 6B, lanes 2,4,6,8, and 10) .
To investigate whether the homeo-specific pentapeptide sequence contributes to transactivation, two of these mutations were introduced into the Drosophila Antp protein. The Drosophila rather than the human Antp plasmids were used for these studies because no transactivation could be demonstrated with the human Antp protein using several reporter plasmids in mammalian cells. This finding was consistent with the lack of known transactivation domains within the human protein. Native and mutant Drosophila Antp proteins linked to an act% promoter were cotransfected with a UbxCAT reporter plasmid into L2 cells. Using this system, native Antp sequences have been shown to activate the Ubx promoter." The YMR + CLG mutation caused less than a twofold change in the ability of the Drosophila An@ protein to activate the heterologous promoter (Fig 7) . Interestingly, despite its reduced DNA binding activity, the P + G mutation did not significantly reduce UbxCAT activity. In contrast, the homeobox mutation, which completely abolished DNA binding, also eliminated transactivation of this promoter.
DISCUSSION
A human cDNA has been isolated from a hgt-11 expression library that encodes a specific TATAA binding protein. Sequence analysis of this protein has shown a region similar to the highly conserved homeobox sequence of the Drosophila Antp homeobox. Although this human Antp gene, HOX 2C, had previously been identified in embryonic fibroblasts and neuronal cells,& the present study provides evidence that a human Antp homeobox protein is present in lymphoid cells and binds to the TATAA sequence. Recent studies of Hox 2.3, the murine homologue of this gene, have detected transcripts on some hematopoietic cells, including K562, pre-B, and macrophage cell line^.^*^" Identification of the human Antp homeobox transcript and protein in relatively mature lymphoid cells also suggests that this protein regulates genes expressed in differentiated cells as well as those expressed during embryonic development, and raises the possibility that it may have evolved a different function in mammalian cells.
With regard to its function, it is intriguing that the human Antp protein demonstrates specificity for binding to the TATAA sequence. The affinity of binding is likely to be low, because both the recombinant and cellular protein bind to a three-copy TATAA sequence but did not recognize a single-copy probe. The significance of the human Antp protein recognizing a sequence identical to the TATAA box motif is unclear. Recent data has suggested that homeobox proteins of other classes can bind to repeats of TAA sequences. In the case of the class I1 homeobox protein, engrailed (en), high concentrations of the protein protect the Drosophila Hsp 70 promoter TATAA box from DNase digestion and inhibit transcription in It is interesting that the en protein recognized the Drosophila Hsp 70 TATAA box, TATAAA, because this sequence demonstrated the strongest binding (of the five TATAA-like sequences tested) to our human Antp clone in a filter binding assay; nonetheless, it is difficult to know whether these proteins could exert such an effect at physiologic concentrations in vivo. Although the human Antp protein could bind to the TATAA box and affect transcription through this site, it could alternatively play a role in the regulation of another cis-acting regulatory element containing a related motif.
It is likely that regions other than the DNA binding domain within the homeobox contribute significantly to developmental regulation in Drosophila. For example, the DNA binding properties of the isolated Antp and ftz homeodomains are similar. Both proteins share complete amino acid identity of helix 3 of the homeodomain (the recognition helix) and protect identical sites in the engrailed promoter from DNase digestion." Yet, the Antp and ftz genes have very different regulatory functions during development in Drosophila. Antp acts to determine segment identity, while ftz influences the number of segments.
Interestingly, thefh gene lacks the homeo-specific pentapepuse only.
For personal at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From 1054 EAlER ET AL tide coding sequence. In general, the homeo-specific pentapeptide is highly conserved among the homeotic genes but is absent from segmentation genes. It therefore appears that the homeo-specific pentapeptide, rather than the homeobox, correlates best with homeotic gene function.
To further characterize the function of the pentapeptide in the human homeobox protein, we analyzed its ability to affect DNA binding and transactivation. The results of site-directed mutagenesis indicate that the conserved homeo-specific pentapeptide region is not essential for DNA binding activity in vitro. Mutations in four of the five amino acids have no effect on the ability of the human An@ protein to bind a TATAA repeated DNA sequence in vitro, while mutation of the homeodomain recognition helix abolished binding in a Southwestern blot assay. However, because the Southwestern blot assay is not quantitative, we cannot exclude the possibility that the homeo-specific pentapeptide has a more subtle effect on DNA recognition and binding in vivo. The pentapeptide could function, like the POU-specific domain in GHF-1, to stabilize or increase the relative affinity of protein for DNA in Alternatively, the homeo-specific pentapeptide could affect a different binding activity that does not recognize a TATAA sequence. The homeo-specific pentapeptide could potentially function as a binding site for another protein, perhaps involved in localization within the embryo or in transcription. This possibility is suggested by its sequence similarity with a region in @-globins involved in a+ subunit interaction^.^'.^^ Because mutations in the Drosophila Antp homeo-specific pentapeptide had no effect on the ability of this protein to function as a transactivator, its function in transcription seems less likely, but may remain possible for other promoters or in other cell types.
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